A non-immersive virtual reality rehabilitation system with applications in neuroscience.
Introduction
Rehabilitation is a complicated and active process by which those affected by injury or disease achieve a full recovery or, if a full recovery is not possible, realise their optimal physical, mental and social potential that allows them to regain much of their independence and quality of life [1] . It is agreed that intensive, repetitive, and goal-oriented rehabilitation process improves motor function and cortical reorganisation in stroke patients with both acute and long-term (chronic) impairments. However, this recovery process is typically slow and labour-intensive, usually involving extensive interaction between one or more therapists and one patient [2] . Motor disability does not only cause limitations in functional motor control, muscle strength, and range of motion (ROM) but can limit the ability to perform daily tasks, that could cause isolation, and reduce participation in community activities [3, 4] . Participating in repetitive exercises can help these people to overcome the limitations they experience, but lack of action and isolation stops them to perform recommended practices thus, become weaker, and cause obesityrelated chronic health conditions and so on. Presumably, every person participating in rehabilitation hopes to be happily situated, productively occupied, and efficiently supported throughout the process [5] . A lack of motivation is another impediment that stops them to participate in physiotherapy sessions regularly.
Studies in computational neuroscience have shown that virtual reality (VR) rehabilitation techniques could create an environment that recovers health conditions as well as community integration [4, 6] . A study by [6] among post-stroke patients was conducted to investigate the effects of the two treatment methods: (I) combined VR and conventional therapy and (II) standard therapy alone. Their findings showed that the first process (combined VR and traditional treatment) was more efficient than the other. The past decade has witnessed the creation of a vast number of successful VR based rehabilitation, educational and commercial video games. They use new technology to simulate realistic features of the real world, [7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18] . [19] conducted the application of VR in psychology as an assessment tool considered as a highly sophisticated form of adaptive testing. [20] reviewed the applications of VR in the field of motor rehabilitation. They reported that the people with disabilities appear capable of motor learning within VR environments and the movements learned in VR are transferable to real-world equivalent. [9] investigated the effects of training of the lower extremity using a robot coupled with virtual reality (VR). They also showed that movements learned in a VR environment are transferable to real-world similar motor tasks. [21] have used interesting VR scenarios to reshape cortical networks in patients which resulted in significant improvement in controlling the body, a decrease in neuropathic pain, and an increase in muscle strength.
The ReHabgame was developed based on the neuromuscular rehabilitation system that assists players to combat the physical impairment and improve the upper limb performance. It is a flexible, non-immersive, low-cost VR system that does not use any head mounted devices but simulates the VR features integrating off-the-shelf devices such as the Kinect V2 (Microsoft in 2014) 1 and Myo armband (Thalmic Labs in 2016). This system encourages motor impaired participants to interact with virtual objects which are spawned in the scene. This system provides an easy and engaging rehabilitation process compared to using other haptic devices. It could be used by patients for long-term recovery which leads to better rehabilitation outcome.
It was developed in Unity game engine that integrates the motion/gesture capture, image processing, skeleton tracking, IR emitter, inertial measurement units and EMG sensors capabilities into the games. The postural control/balance, gestures and range of motion (ROM) of the upper body was tracked through this marker less system. It facilitates the calibration of joints orientation, position of the leading joints and muscle activities throughout the gameplay. The ReHabgame was built as a single-player (the clinician's avatar instructs the patient's avatar to copy the exercises) and two-player game (two patients play at the same time and compete against one another). All the data were collected and saved in the background (hard drive) through the devices and were used for qualitative and quantitative analysis.
In this study, we define VR as a computer-based, interactive, multi-sensory environment that occurs in real-time. It provides enhanced feedback about movement characteristics, and advanced motor task learning and execution. Our study shows that the use of interactive VR system improves upper limb rehabilitation and habilitation which concurs with findings in literature including [19, 20, 22, 23, 24] . Figure 1 illustrates the architecture of the system with its components. Two algorithms were adapted to acquire the gameplay to players ability using MCTS algorithm and Random Object Generator (ROG). Players interact with the virtual objects in the virtual park through three scenarios (case studies) such as; (I) "Reach-Grasp-Release fruits game", (II) "Reach-Press-Hold buttons game" and (III) "Reach-Press buttons game" which are analysed together as the ReHabgame. An Engagement Questionnaire (EQ) was developed and administered to a group of 20 subjects to assess subjectively the effectiveness and efficiency of the ReHabgame using item response theory (IRT). The results of the Rasch analysis of the outcomes of this experiment are presented in this paper. To our knowledge, this is the first study that proposes an instrument to measure the subjective experience and employs Rasch analysis to evaluate the engagement in a motor rehabilitation game. Three features of game engagement were considered: flow, presence and absorption [25, 26] . The Rasch model analysis of the gameplay shows that there is an appropriate balance between skill and challenge (flow). Participants feel present in the game and perceive a high-level of control (presence), which in turn offers a raised degree of engagement, thus, distracting them from the pain associated with the impairment (absorption).
Design

ReHabgame principles, design and operation
The player reaches and grasps virtual fruits generated in the 3D world and releases them above the virtual basket [27, 28] . The system is designed for one or two players to play at the same time independently as illustrated in Figure 2 . It can be set up to Release" fruits game. (a) shows the female avatar collected the peach and aiming to release it above the basket, and the male avatar collected a kiwi, (b) displays the female avatar aiming to collect the kiwi and the male avatar has collected the peach, (c) the female has collected the fruit and the male avatar is idle and (d) demonstrations the female avatar released the strawberry above the basket with green dots provided the positive feedback. rehabilitate the upper limbs (right hand, the left hand or both hands at the same time) and postural balance. The system combines the abduction, adduction, flexion, extension, internal/external rotation and horizontal abduction/adduction. The twoplayer game may be arranged as a clinician (first avatar/ instructor) shows the movements of the patient (second avatar) in that the patient follows the actions of the clinician and accordingly the patient's ROM is recorded by the system. These data are used by the artificial intelligence (AI) control system to generate virtual objects within patient's comfort zone initially and then gradually push them further out of the comfort zone. The algorithm is designed based on inverse kinematic in that the joints (such as head, neck, shoulder, elbow, wrist, etc.) location are monitored through the Kinect for further analysis. The ReHabgame was developed as follows:
1. "Reach-Grasp-Release": The players gather the fruits spawned in the scene and release them above the virtual baskets to gain points. As soon as the fruit is collected it must be released above the basket to hit the bottom of the basket to collect points. It was developed using the gravity component and raycast hit function in Unity. Figure 2a shows the female avatar who has collected the orange with the left hand and aims to release it above the basket. The downward red circles indicate that it shouldn't be released unless the downward circles changed to green colour. Thus, the player should adjust her arm to receive positive visual feedback (the colour changes from red circles to green). The male character's shoulder joint follows a horizontal abduction (extension), the elbow joint is in a flexion mode and the hand is extended. The male avatar's head and neck are tilted towards right shoulder that is detected as a problem in the postural control system. The streamed video and joint locations collected via the Kinect are used for further analysis. Figure 2b illustrates the female avatar who aims to reach the kiwi while the right shoulder's joint is abducted. The male character in this figure has picked the peach and wants to release it above the basket but the visual feedback indicating the red downward circles which means it is not safe to release it. In Figure 2c the female avatar collected the strawberry but cannot release unless the circles indicating green. The male character is idle in this figure. Figure 2d shows the female avatar has collected the strawberry and wants to release it since the visual feedback specifies the green circles meaning that she can release the fruit to gain points. The male's avatar hand is extended and the elbow join is flexed. 2. "Reach-Press-Hold": In the reach-and-press button game, the player reaches out to a button to press it; the latter task can be configured to require a pressand-hold action or a press-for-specific-time action from the player in that the steadiness and the vibration of the hand are recorded based on 30 fps. Figure 3 illustrates the player & avatar in button Reach-Press-Hold game.
Buttons are generated in a matrix format defined in the system based on patient's range of movements (ROM). Figure 3a shows the button generated around the player's head height in that the arm is abducted (away from the midline of the body). The player should raise the hand above the shoulder's height to reach the button which requires higher ROM. Figure 3b illustrates the button generated in an area around the player's heap height with arm abduction. Figure 3c shows the arm's flexion (horizontal adduction) to reach the button generated at the shoulder's height. The player reached the button and pressed it for one second with a visual feedback via the green dot around the white circle. Figure 3d illustrates the red part of the button is pressed for three seconds with three green visual feedbacks appeared around the button. If the player's press and hold is not steady enough, the timer restarts itself.
Virtual object generator algorithms
Monte Carlo tree search algorithm (MCTS) has revolutionised the game's performance where partial information requires decision making under uncertainties [29] . MCTS is used as a method of finding optimal choices in a given domain by taking random samples in the decision space and building a search tree accordingly. The primary mechanism of generating adaptive patient-specific tasks in the ReHabgame resides in the object generator algorithm, which employs the MCTS is engaged with the game which aiming towards the button to press its red part, (b) illustrates the avatar pressed the red button for three sec with three green dots appeared next to it which illustrates the visual feedback, (c) displays the avatar reached and pressed another button and holds it for one sec and (d) demonstrates the avatar with three seconds holding with its visual feedback.
procedure and Random Object Generator (ROG). To explore the effects of physical and gameplay intensity the MCTS object generation algorithm was used versus ROG.
MCTS was based on Monte Carlo sampling with a large number of random simulated games. MCTS makes the computation converge to the right value much more quickly than simple Monte Carlo itself [30] . This probabilistic algorithm uses lightweight random simulations of a problem space to grow a search tree that represents the unique states of the problem domain, with child nodes representing the outcome of specific actions [31] . In the ReHabgame the algorithm was broken down into four stages as highlighted below:
1. Selection: The algorithm starts at the root node, builds a tree of possible future game states. Each node in the tree represents a state and each link represents an action taken in that state and leads to a new state. While the state is built in the tree, the next action is chosen according to the statistics stored, in a way that balances between exploitation and exploration. The task is either selecting an action that leads to the best results so far called exploitation or a less likely action still needs to explore (known as exploration due to the uncertainty of the evaluation).
Expansion:
More state (child nodes) needs to be added as new nodes to expand the tree. The tree is grown by one node for each simulated game according to the available actions. The first action is chosen by an expansion strategy and subsequently simulated. This results in a new game state, for which a new node is created.
3. Simulation: After expansion, a rollout is done from the new node, which means that a simulation is run from the new node applying random actions until a predefined stop criterion is met or the game ends. The satisfactory weighting of action selection probabilities has a significant effect on the level of play. If all legal actions are selected with equal probability, then the strategy played is often weak, and the level of the Monte-Carlo program is sub-optimal [29] .
Backpropagation (backup):
The score difference resulting from the rollout is backed up to the root node, which means that the reward is saved to the visited nodes then a new iteration starts. Backpropagation updates node statistics that are used for future decisions and ultimately inform the final decision made by the system for the root node.
An effective variant and selection strategy is the modified version of MCTS called upper confidence bound for trees (UCT) controller that construct statistical confidence intervals, [32, 33] . UCB is efficient and guaranteed to be within the best possible bound to address the exploration-exploitation in MCTS [31] as illustrated in Eqn. (1) . A child node is selected to maximise UCT, where is the number of times the current node (parent) has been visited, is the number of times child has been visited and > 0 is a constant that shifts priority from exploration to exploitation.
By increasing , the priority is shifted to exploration which means; states that have been visited less will be visited with a higher priority than states that have been visited more. A decrease changes priority to exploitation means that; states which have a great value are visited more to maximise reward. If more than one child node has the same maximal value, the tie is usually broken randomly. The estimated value for every node that has been visited in the iteration is updated with the reward. The estimated value of a node is the average of all rewards backed up to that node.
Model
Motor Assessment Scale
The Motor Assessment Scale (MAS) [34, 35] is the standardised assessment tool Figure 5c , Figure 5d shows the virtual fruit that is spawned in the 3D-world based on the confidence of the search-tree in the pre-established range of the upper limb orientation. The black and red dots, next to the avatar in Figure 5 , show the effects of the parameters picked for shoulder and elbow freedom of movement. 10 samples were selected for shoulder's 
Inverse kinematics (IK)
Kinematics refers to the mathematical description of motion without considering the underlying physical forces. The kinematics of the human body is specifically concerned with formulating and solving for the translation, rotation, position, and velocity of each body segment in real-world motions. The movement of a kinematic chain, whether it is a robot or an animated character, is modelled by the kinematic equations of the chain [37, 38, 39] . The IK determines the typical parameters that provide a desired position of the end-effector to achieve the task and is known as action planning [39] . IK techniques provide direct control over the placement of an end effector object at the end of a kinematic chain of joints, solving for the joint rotations which place the object at the desired location. IK is adapted for calculating the end effector for the virtual object's location. The algorithm that was used to calculate the joint angles required to collect the objects is defined in Eqn. (3):
Where are orientation around each axis and are each segment's length.
Methodology
Design of the EQ
Deep engagement in game-playing has the potential to be an important factor to predict the impact of using video games for rehabilitation purposes. Three key concepts are used in the literature to describe subjective experience relevant to engagement in a game: flow, presence and absorption [25, 26] .
Flow describes the enjoyment feelings due to a balance between skill and challenge in the process of performing an exercise [40, 41] . The dual flow model measures a combination of attractiveness in terms of compelling gameplay and effectiveness in terms of physical outcomes [41] . Defining a specific goal and an immediate performance feedback increase the likelihood of flow, and being in a flow state seems to enhance learning. Flow states also include a feeling of being in control, being one doing the activity, and experiencing time distortions.
Presence is another intrinsic motivation in gaming contexts which is the sense of being within the game world by controlling the game, a need for challenge and feeling of effectence (the feeling of efficacy [42] ). Concepts of presence are widely discussed by game designers, who attempt to make the experience of virtual worlds feel real and authentic [26] .
Absorption defined as the total engagement in the present experience [25] . In contrast to presence and in common with the flow, being in a state of psychological absorption induces an altered state of consciousness [43] . In this altered state, there is a separation of thoughts, feelings, experiences and effect are less accessible to consciousness [44, 45] . While this feature is perceived as having a negative psychological effect, we are looking at its potential to detach and distract the players from feeling the discomfort associated with their impairment and, thus, avoid frustration and giving up. An Engagement Questionnaire (EQ) was developed to evaluate user involvement in the ReHabgame using a self-report measure. The questionnaire has two parts, in part 1, a set of 16 questions require the user to rate on a Likert scale their experience in terms of flow (questions 3, 6, 8, 9, 16) , presence (questions 5, 12, 13, 14, 15) and absorption (questions 1, 2, 4, 7, 10, 11). In the second part of the questionnaire, open-ended questions were asked, so that the players could explain their experience and provide feedback. The 5-point numeric rating scale is defined in that; 4 is "always agree", three is "sometimes agree", two is "neutral", one is "sometimes disagree", and 0 is "always disagree". The questions were listed in order from less engaged to more engaged ones. The answers provided for part 1 of the questionnaire were used to perform a psychometric analysis to determine the validity of the measurements. The part 2 of the questionnaire will be analysed and used to develop a beta version of the game in the future work.
Part one of the Engagement Questionnaire (EQ): 
Subjects
The 
Procedure
The upper limbs (arm/hand) are designed to perform very skilled movements which allow us to do day to day activities. According to the therapist, to allow us to perform all of the intricate activities, the brain is wired to the upper limb for speed and accuracy [46] . This process makes it vulnerable to an injured person, and consequently, rehabilitation can be slow [47] . The rehabilitation system has adapted an algorithm to allow the patients to use their arm and hand in ways that they would otherwise be unable to do so. The games in this study are the computer-generated simulation of 3D images and environments that can be interacted with in a seemingly real and physical way by a player. It does not use any head-mounted equipment such as Oculus/Google to avoid any motion sickness or discomfort for players (patients).
The player's action partially determines what happens in the environment. The games
were developed with direct collaboration and consultancy with physiotherapists and literature [1, 24, 48, 49, 50] . The consultancy was performed throughout the development process as well as before starting to build the game. The information was gathered by asking the therapists what is important to be considered when 
Results and data analysis
The ROM and physical parameters, such as joint positions, orientations and relative angles were captured by the Kinect. The Kinect was used due to its possibility to enable an efficient and continuing rehabilitation programme in the home environment. It makes treatment more enjoyable thus increasing motivation and therefore adherence. The system has been developed so that the physical presence of a therapist is not required during the session and there is no need for the player to wear any marker or wires to be connected to sensors. The inertial measurement unit (IMU) and muscle activity were collected via the Myo with the blue tooth connection. The data were used by the algorithm and also saved for offline analysis. The player receives real-time feedback on performance as the MCTS simulation incorporates data efficiently from the player's previous performances for a subsequent generation in the game. The motion data from the Kinect and
Myo undergo a process of smoothing to achieve higher accuracy and efficiency.
A smoothing algorithm was used to remove any noise from the signals collected by the sensors. The angular measurements and accurate linear motions were obtained by the IMU (gyroscope, accelerometer and magnetometer) sensors to distinguish precise linear movement from the accelerometer readings. The EQ and ROM data were collected from each of the study participants. The participants played the ReHabgame with small breaks between each one to prevent fatigue. All feedback, suggestions and observations were collected to improve the game and tested again by the same persons and using the same EQ. The data gathered from the various stages of the therapy sessions were used for qualitative analysis.
Rasch analysis was implemented using Ministep 4.0.1 (Winsteps) software. 2 In 1969, Georg Rasch 3 proposed a statistical model that complied with the fundamental assumptions made in measurements in neuroscience and has been used to aid in the construction and validation of health status questionnaire in neurology [51, 52, 53] .
In EQ, 16 multiple choice questions were developed with 5-point numeric rating scale answers from 0 (always disagree) to 4 (always agree). Due to the items equal rating scale structure, the Rash Rating Scale Model (RSM) [54] was used to determine the participants engagement in the ReHabgame. 4 Unidimensionality, reliability, targeting and response categories were examined.
To assess the unidimensionality (i.e. fitness for the Rasch model), a principal component analysis of Rasch residuals was used in which the observed response is compared with the predicted response of the model. Under good fit conditions for rating surveys, infit and outfit mean squares must be within the range of (0.6 to 1.5) Person Reliability) was used to measure the internal consistency between items and its strength [53] . Item Response Theory (IRT) model or the probability of an individuals response to an item and model item characteristic curve (ICC) or the relationship between the probability of success to an item were assessed.
Results
The Rasch analysis and RSM are outlined in Table 1 . It shows the item numbers The Rasch expectation is that individuals with higher engagement in a game would have a higher likelihood of agreeing with more engaged items in the categories (higher response category). Figure 8 sketched out the category and conditional probability curves relative to item difficulty. The peaks of the curves for the 5 categories ("always disagree = 0" to "always agree = 4") are always in ascending order along the latent variable. The crossover point for the category 2 is within category 1 and 3, which means this category could be collapsed into category 1 and 3. The person/item threshold distribution map is outlined in Figure 9b with the x-axes displaying location or difficulty of item thresholds and the y-axes display the frequencies of item thresholds and participants. It can be seen that the offset of person to item suggests targeted scale.
Some of the important findings taken from the second part of the EQ are listed below.
The majority of participants enjoyed the rehabilitation sessions and the ReHabgame activities. Overall, the participants commented very positively and reported that the activities covered a good ROM for the upper body. They suggested that audio feedback could be useful to create a more exciting environment in the game. 6. Discussion
Summary of main findings
To our knowledge, our study is the first to develop the rehabilitation game with the capabilities build in the ReHabgame. A Rasch model was developed to evaluate the participant engagement in the game as well as the system effective and attractiveness.
The developed system enables a therapist to present a variety of controlled stimuli to measure and monitor the progress of the participants. The finding showed that the therapy provides an adequate physical and mental engagement through sufficient visual feedback throughout the sessions. It gives the opportunity for patients to perform additional exercises independently. It offers the possibility for a clinician to recommend an appropriate and individually aligned exercise. The attractiveness of the ReHabgame was measured by the standard flow, presence and absorption (psychological model balancing the player's perceived skill with the perceived challenge). The effectiveness was assessed to evaluate the physical balance between fitness (the body's ability in tolerating exercise), and intensity (the difficulty of the training on the body). The Rasch analysis in this study showed that a unidimensional construct was created and fit statistics were obtained for the measured properties.
The ReHabgame successfully calibrated the ROM of the players, muscle activities, linear and angular motions. The required movement or exercise level was adopted through the MCTS and the ROG based on HSS and MAS. In that skill level and game difficulty were gradually increased to challenge the player.
Strengths and limitations
Our study had some limitations in that the sample of participants were not fully representative of the diverse population of stroke patients (41-63) years old which was not wide enough to include younger or older people. The percentage of female participants to male was 0.4. Additionally, the ethics approval process to have access to the NHS was cumbersome and time-consuming therefore we decided to limit our study to the volunteers of communities.
Conclusion
The feasibility and effectiveness of the ReHabgame were studied as stimuli for improving the motor performance in a post-stroke participant. It facilitates autonomous physical rehabilitation at patient's state as prescribed by the therapist.
This system provided an environment that encourages patients to build greater strength and endurance on tasks that increase independence and enrich daily activity.
The system monitors the trajectory of the hand during movements about the shoulder, arm, and elbow. The data taken from the devices are saved and accessed for further analysis as well as to generate the best game suitable for a patient with a certain disability through the intelligent computing system. The algorithm generates objects randomly and monitors the execution of the exercise, and the system provides direct feedback in real-time accordingly. The therapy provided an adequate physical and mental engagement that offered sufficient visual feedback throughout treatment sessions. The MCTS and ROG algorithms were used to control the intensity of the physical activity that happened gradually based on the player's performance.
The data were obtained at devices local sampling frequency followed by performing linear interpolations to create a constant sampling interval while maintaining time 
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and frequency domain signal integrity to achieve an identical sampling frequency to the kinematic data.
The subjective experience was conducted through the EQ to gather further information from the subjects about their experience of game playing. Some positive elements of the ReHabgame that was claimed by the player were the beautiful scenery and appealing feedbacks they received which had a direct relation to the engagement of a player. It aimed to distract the player's attention towards the exciting aspects of the game to avoid fatigue. The training engages users to allow for the constant intensive practice required for motor plasticity. It monitors and progressively corrects the abnormalities of the kinematic movement, coordination and assess the transmitted electrical signals as the muscles strain. The subjective experience was performed through the EQ to gather further information from the subjects about their experience in playing the games. Future work includes experiments involving individuals with motor impairment, with a specific focus on gait and balance. It also aims to incorporate the possibility of implementing social interactions through online gameplay at patient's home or could be arranged in social communities by patients carer or charity organisation. That increases the motivation by gathering more patients to cooperatively (or competitively) interact and play the game. It could enable a long-term recovery and could lead to better rehabilitation outcome [48, 49] . The open-ended questionnaire also will be used for developing the beta version of the ReHabgame in the future work. 
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